Nonlinear effects characterised by the same input and output frequencies are the main candidates for all-optical signal processing, and have generated a great deal of interest recently, especially in their guided-wave versions.1 Nonlinear distributed coupling via gratings and prisms to 9ptical waveguides containing media with a power-dependent response has . exhibited a number of promising possibilities in terms of optical limiting, switching and bistability.2,3 Semiconductordoped glasses, commercially available in the form of lowpass filters, have stimulated interest because of their waveguiding and nonlinear properties, which could lead to the realisation of fast all-optical devices with relative ease of fabrication. In this letter we report results obtained via nonlinear distributed prism-coupling into a semiconductor-doped-glass optical waveguide fabricated by ion-exchange techniques4 so that all regions of the waveguide exhibit nonlinearities. Previously, nonlinear optical phenomena in a waveguiding format had been investigated only in structures with a semiconductordoped-glass substrate, after deposition of a guiding layer of standard Coming glasS.5.6In that work small asymmetric distortions in the pulse envelope were observed, but not interpreted. Our results show deep, almost complete modulation of the pulse envelope and are in good agreement with the model of a travelling-wave interaction between the guided wave and input beams under the input coupler, as observed and interpreted previously in ZnO nonlinear waveguides by Forten berry et al. 2 The optical waveguides were fabricated by ion exchange in a potassium-nitrate melt at 400°C from Schott filters which contain an increased sodium content to permit an efficient exchange of ions. 4 The resulting waveguides, which exhibited low in-plane scattering compared to Ag/K exchange guides, were first tested with an He-Ne laser to characterise their linear properties, and then were employed in a prism coupling experiment. The laser source, a neodymium-YAG laser, provided a train of 200 kW peak power, mode-locked pulses in a Q-switched envelope, with typical pulse and envelope halfwidths of 50 ps and 200ns, respectively. The IR light, doubled by means of a KDP crystal to a wavelength of 0.532Jlm, spatially filtered to improve the radial profile, polarised, attenuated and focused with a short-focal-length lens (5 cm) n to the base of the input prism (SF-16 glass), was injected into the nonlinear structure to excite TE modes. The samples mounted on an x-y-z-8 stage for careful adjustment of all the coupling parameters, were manually positioned to optimise the transmission. The outgoing light pulses, coupled out via another prism and detected by a fast PIN silicon detector, were monitored with a Tektronix transient digitiser. The experimental set-up is shown in Fig. 1 .
As the pulse energy is increased, the power-dependent waveguide effective index leads to a nonlinear phase mismatch between the incident and guided wavefields under the prism. This leads to a modulation of the Q-switched envelope and hence optical switching in the temporal profile of the transmitted mode-locked train. Typical results are shown in Fig. 2 for a laser beam incident on a Schott OG5l5 glass waveguide with a peak power density >200kW/cm2 and coupling efficiencies of a few per cent. To emphasise the nonlinear effects, the sample was tuned at appropriate incidence angles and positions of the coupling spot under the prism until the envelope modulation was optimised. Single and multiple optical switching inside the Gaussian mode-locked train envelope is readily visible in Fig. 2 , with switching times of the order of IOns. , ranges,from tens of nanoseconds7 to tens of picoseconds8and less.9.10 We interpret our results as having mainly a thermal origin for the following reasons: (i) asymmetric distortions in the pulse profile are indicative of an integrating nonlinearity with a recovery time longer than the pulse width; (ii) at the power levels used in these experiments, the electronic nonlinearity should have saturated out and hence would no longer contribute to distortions in the pulse envelope. If it did contribute, the distortion would be symmetric about the pulse maximum for a Kerr nonlinearity, since we expect much faster responses from the electronic nonlinearity. Hence, just as in the case reported previously for thermal nonlinearities in ZnO,2 the observed distortions in the temporal profile have to be attributed to cumulative phase changes during the incoupling process, taking into account a nonlinear effect integrated over the pulse duration of the whole envelope. In fact, we found that we were able to theoretically reproduce all of the pulse shapes observed experimentally with the theory outlined in Reference 2.
Conclusions: Optical switching has been observed and interpreted in prism coupling to an ion-exchanged semiconductordoped-glass waveguide. The effect, most probably due to ab~.~!p~.ion,e!~ibits characteristic times oLt~!!!._of nanoseconds and suggests that an integrating nonlinearity is playing the main role. Although the simultaneous presence of instantaneous Kerr nonlinearities cannot be excluded on the ground of the reported data, the observed profiles can be modelled using a travelling-wave interaction between the incident and guided wave fields and an integrating nonlinearity.
